Enveloped viruses enter cells by proteinmediated membrane fusion. For inf luenza virus, membrane fusion is regulated by the conformational state of the hemagglutinin (HA) protein, which switches from a native (nonfusogenic) structure to a fusion-active (fusogenic) conformation when exposed to the acidic environment of the cellular endosome. Here we demonstrate that destabilization of HA at neutral pH, with either heat or the denaturant urea, triggers a conformational change that is biochemically indistinguishable from the change triggered by low pH. In each case, the conformational change is coincident with induction of membrane-fusion activity, providing strong evidence that the fusogenic structure is formed. These results indicate that the native structure of HA is trapped in a metastable state and that the fusogenic conformation is released by destabilization of native structure. This strategy may be shared by other enveloped viruses, including those that enter the cell at neutral pH, and could have implications for understanding the membrane-fusion step of HIV infection.
Specific control of membrane fusion is important in diverse biological functions such as fertilization, synaptic transmission, protein trafficking, and viral invasion. The mechanism of membrane fusion is best understood in the context of enveloped viruses, and studies of the influenza virus have been particularly informative (1) (2) (3) (4) (5) (6) . There is also interest in developing inhibitors of membrane fusion that may serve as pharmaceutical agents (7) (8) (9) (10) (11) (12) (13) (14) .
Viral infection requires fusion of the membrane surrounding the virus with the membrane surrounding a cell. Specialized viral proteins are responsible for promoting membrane fusion, a process that generally is otherwise very slow. Often, these membrane-fusion proteins also promote binding of the virus to specific cell-surface receptors. For example, the HIV envelope glycoprotein is a complex of two subunits-gp120, which mediates binding of the virus to specific cell-surface receptors, and gp41, which promotes membrane fusion.
In the influenza virus, the hemagglutinin (HA) protein mediates both binding of the virus to the cell surface and the subsequent fusion of viral and cellular membranes. HA is composed of a receptor-binding subunit, denoted HA1, and a fusogenic subunit, denoted HA2. The native HA1͞HA2 complex, as found on the surface of the native virus, is fusioninactive. After binding to its receptor (sialic acid) on the cell surface, the virus is endocytosed by the cell. During these processes, HA remains dormant for fusion. Initiation of fusion activity requires a decrease in pH that is provided within the cell as the endosome matures. As the conditions within the endosome approach pH 5, there is a conformational change in HA that induces the viral membrane to fuse with the cellular, endosomal membrane, permitting the nucleocapsid of the virus to be deposited into the cytoplasm of the cell. Thus, acidic pH is the physiological ''trigger'' of HA fusion activity (15) (16) (17) .
The acid-induced conformational change in HA is understood in considerable detail. In particular, the crystal structures of HA in the native (i.e., nonfusogenic) state and the low-pH converted state have been determined (18) (19) (20) . Because low pH also activates influenza membrane fusion, the low-pH conformation of HA is generally regarded to be fusogenic. Comparison of the HA crystal structures indicates that a dramatic conformational change accompanies activation of HA fusion activity. This change was largely anticipated in the ''spring-loaded'' mechanism for activation of membrane fusion (21) , in which a region folded as a long loop in native HA converts to a three-stranded coiled coil in the fusogenic state ( Fig. 1) .
Previously, we suggested that the native, nonfusogenic state of HA might have a metastable fold (21) . According to this suggestion, the fusogenic state of HA is thermodynamically more stable than the native state of the protein, under native conditions (e.g., neutral pH). However, the native state is prevented from achieving the lower-energy fusogenic conformation by a kinetic barrier. This type of a barrier could be imposed during the folding of HA, for example, by factors that prevent direct acquisition of the fusogenic state from the unfolded state, or that actively direct the folding of HA to a metastable state. Notably, HA folds within the cell as the fusion-incompetent precursor, denoted HA0, which subsequently undergoes proteolytic cleavage to generate the mature, two-chain HA1͞HA2 native state (22, 23) .
Instead of postulating a metastable protein fold, a seemingly simpler model posits that HA folds to the thermodynamically most-stable state (i.e., the native state). At low pH, the fusogenic state becomes thermodynamically more favorable, and a conformational change ensues. Consistent with this model is the suggestion that low pH is required for the fusion activity of influenza HA. Short, synthetic peptides containing sequences from the HA fusion-peptide regions have substantially enhanced membrane-fusion ability at low pH, as compared with that at neutral pH (refs. 24-26; see, however, ref. 27) . Furthermore, the coiled-coil region adjacent to the fusionpeptide region of HA displays substantial affinity for lipid bilayers only at acidic pH, a phenomenon postulated to facilitate membrane fusion (28) .
The metastability model predicts that any destabilizing reagent will cause the same conformational change and membrane-fusion activity as acidic pH. The alternate model predicts that, although there may be some effect on structure by other destabilizing reagents, these effects will be unrelated to the acid-induced conformational changes that cause membrane fusion. Interestingly, Ruigrok et al. reported that heat can induce influenza fusion with target liposomes at neutral pH (ref. 29; see also ref. 30 ). However, these workers also found that heat treatment altered the biochemical properties of the HA ectodomain (i.e., the extra-viral portion) in a manner distinct from acid. They concluded that fusion at neutral pH occurs by a different mechanism, involving changes in HA that are more extensive and less specific than that of the acid-induced conformational change that induces membrane fusion (29) .
Here we test the metastability model for membrane fusion by characterizing in detail the membrane-fusion activity of intact influenza virus at neutral pH that is induced by either heat or a chemical denaturant, urea. In parallel, we use proteolysis to assay the biochemical properties of HA, in the context of the intact virus, under these various conditions. Our results indicate that, at neutral pH, the native state of influenza HA is metastable.
MATERIALS
Concentrated samples of Influenza A͞Beijing͞32͞92͞X-117 H3N2 (1 mg͞ml HA) were a gift from A. Donabedian of Parke-Davis, Rochester Operations. Lipids used to make synthetic vesicles were ordered from Avanti Polar Lipids: dioleoyl phosphatidylcholine (DOPC); N-(7-nitro-2-1, 3-benzoxadiazol-4-yl)-diacyl-phosphatidylethanolamine (NBD); and lissamine-rhodamine-phosphatidylethanolamine (rhodamine). As a source of the receptor sialic acid, bovine ganglioside (GD1a; Calbiochem-Nova Biochem) was added to the lipid mixture (32) . Lipid quantitation was performed by using an inorganic phosphorus assay (Sigma). Recrystallized 5(6)-carboxyfluorescein (Kodak) and PD-10 (Pharmacia) G-25 columns were used for vesicle integrity assays. Polyclonal antisera against HA2 (238-3) was raised in rabbits with a keyhole-limpet hemocyanin-conjugate (Pierce) of LOOP-36 (21) .
METHODS
Proteolysis Assay for the Conformational Change. Influenza A samples were incubated for 15 min under experimental conditions, diluted and neutralized to standard conditions with 0.5 M Tris, pH 8, and digested with proteinase K (1:1 ratio of proteinase K to HA, by weight) for 1-4 hr at room temperature. Virus proteins and protein fragments were separated by 12% and 14% polyacrylamide gels, under nonreducing and reducing conditions, respectively. Proteins were either stained with Coomassie brilliant blue R250 or transferred to nitrocellulose for detection by immunoblot analysis by using polyclonal antiserum that detects the ''loop region'' of HA2 (21) . Identity of the stable product was confirmed by five cycles of aminoterminal amino acid sequence analysis: intact HA begins at residue 1 of HA2 (sequence Gly-Ile-Phe-Gly-Ala) and the stable product begins at residue 28 of HA2 (sequence AsnSer-Glu-Gly-Thr).
Lipid-Mixing Assay for Membrane Fusion. DOPC, GD1a, NBD, and rhodamine were mixed at molar ratios of 95.3:4.5:0.6:0.6 for preparation of large, unilamellar vesicles (31) in fusion buffer (50 mM Hepes, pH 7.4͞150 mM sodium chloride͞0.1 mM EDTA; ref. 32). Phospholipids were quantitated by using the inorganic phosphorus assay. Lipid bilayer integrity was confirmed for vesicles prepared in fusion buffer and for vesicles prepared in fusion buffer with 3.75 M urea by entrapping self-quenching concentrations of recrystallized 5(6)-carboxyfluorescein. Dilution of vesicles purified by gel filtration did not lead to dequenching of carboxyfluorescein. However, addition of 5 l of 25% Triton X-100 to dilute vesicles led to rapid release of carboxyfluorescein and a color change to fluorescent green, indicating a breach of lipid bilayer integrity. Viral lipids were extracted (33) and quantitated by using the inorganic phosphorus assay.
Membrane-fusion activity was monitored by using a fluorescence resonance energy transfer assay (34) . Fluorescence was monitored with an ISS PC Greg fluorescence spectrophotometer equipped with a thermostatted cuvette holder, with excitation at 465 nm and emission at 535 nm, using 16-nm slit widths for both. The lipid-mixing endpoint is defined as the fluorescence emission observed at 535 nm on addition of Triton X-100 to 1%. The fraction of lipid mixing (percent lipid mixing, Figs. 5a, 6a, and 7a) is expressed as a faction of the total lipid mixing (signal in 1% Triton X-100 minus initial signal) for each sample. Prebound virus and vesicles were added, to a final concentration of 50 M in phospholipids, in a fluorescence cuvette containing fusion buffer and stirred at the temperature indicated. The pH of the sample was adjusted by addition of 10-30 l of 0.1 M citric acid. For acid inactivation, virus was preincubated with citrate at pH 5.8 for 30 min at 37°C. For heat-induced fusion experiments, the initial baseline was estimated from the heat-inactivated control: virus was heated at the final temperature for 30 min and bound to vesicles, and the constant signal observed for the inactivation experiment was estimated as the initial baseline for calculation of percent fusion. Virus preincubated at 3.75 M urea for Ϸ1 hr at 37°C before addition of vesicles displayed no membranefusion activity, and the constant signal observed for the inactivation experiment was estimated as the initial baseline for calculation of percent fusion in the urea-induced fusion experiments. As a check for complete fusion, at the end of each experiment performed at neutral pH, 0.1 M citric acid was added to pH 5.8, and no change in signal was detected. (20, 21) . Envelope of an influenza virus (bottom membrane) is juxtaposed to the target membrane of the cellular endosome (Top). In the native conformation (Left) an HA trimer facilitates viral attachment via the HA1 subunits (orange). In response to acidic pH (Right), the HA1 subunits dissociate, the loop regions (yellow) become helical and extend the HA2 coiled coil (green), and the fusion-peptide regions (blue) insert into the target membrane. Membrane fusion per se appears to require only the HA2 subunit (2) . 
RESULTS
Acid-Induced Conformational Change Is also Induced at Neutral pH. We evaluated the conformational change in HA by using a biochemical proteolysis assay (35) . In the native conformation, HA is resistant to digestion by proteinase K, but in the acid-induced conformation, HA is digested to a specific, protease-resistant product (Fig. 2) . These species are readily resolved by PAGE and detected by immunoblot analysis (Fig.  3) , providing a convenient assay for the conformational change in HA. Because the transition to the fusogenic state is irreversible (16, 35, 36) , the proteolysis assay is performed under standard conditions, following incubation of the virus under the conditions to be evaluated. The transition from a proteaseresistant, native conformation to the protease-sensitive, acidinduced state is sharply defined at a specific pH for each strain of Influenza A. The transition pH of the intact, X-117 influenza A͞Beijing͞H3͞N2 utilized in these studies is 5.8.
The stable, protease-resistant product of acid-induced HA corresponds closely to the extended coiled-coil core of the fusogenic conformation (20, 21) . This stable product begins at residue 28 of HA2, as determined by amino-terminal sequence analysis, indicating that the fusion-peptide region of HA2 has been removed. Based on the apparent molecular weight of the product, and the observation that this molecular weight decreases on exposure to reducing agents (Fig. 3) , we conclude that the stable product extends at least to Cys-138 of HA2, which is disulfide bonded to a fragment of HA1. Thus, the stable product corresponds well to the fragment of the fusogenic state that was crystallized for x-ray diffraction analysis (20) .
Exposure of the virus, at neutral pH, to either heat (65°C) or urea (4.5 M) results in a state that gives rise to the same specific proteolytic pattern as that observed for the acidinduced conformation of HA (Fig. 3) . Amino-terminal sequencing indicates that, in all three cases, the stable product begins at residue 28 of HA2. In a previous study of hightemperature, HA-induced fusion at neutral pH, it was found that the proteolysis pattern for HA after high-temperature treatment was different from that observed after low-pH treatment. The authors thus concluded that the mechanism of fusion at neutral pH is distinct from that at acid pH and involves more extensive and less specific changes in HA structure (29) . These previous proteolysis studies were performed on HA ectodomain samples that were exposed to high temperature, subsequent to cleavage from the surface of the virus with the protease bromelain. In contrast, we have studied proteolysis of HA in the context of the intact virus. One possible explanation for the discrepancy between our studies and previous studies is that the soluble, bromelain-cleaved HA ectodomain is more labile to thermal denaturation than HA within the intact virus, complicating interpretation of the earlier results. Our results indicate that the temperatureinduced conformational change in HA at neutral pH is indistinguishable, as judged by the proteolysis assay, from the low-pH induced conformational change, or from the ureainduced conformational change at neutral pH.
Membrane Fusion Induced at Neutral pH. We utilized a fluorescence lipid-mixing assay that has been used in earlier studies to monitor the fusion of viral and vesicle membranes, especially for HA-mediated membrane fusion (37, 38) . The assay monitors changes in fluorescence as the lipids of the viral envelope mix with fluorescent donor and acceptor lipids of the target-vesicle membrane, thereby decreasing the amount of resonance-energy transfer in the target vesicle (34) . Membrane-fusion activity is measured as an increase in donor fluorescence that results from the loss of energy transfer (Fig.  4) . This assay does not measure directly the mixing of viral and vesicle contents and therefore cannot distinguish hemifusion (39) from complete fusion.
We monitored lipid mixing of fluorescently labeled vesicles with intact X-117 virus, the same virus that was used in the proteolysis assay. Membrane-fusion activity is observed on lowering the pH to 6.0; the activity is more pronounced at pH 5.8 (Fig. 5a ). The pH of onset of fusion activity coincides with the conformational changes leading to the appearance of the stable HA2 fragment (the extended coiled-coil core of the fusogenic conformation) in the proteolysis assay (Fig. 5b) . Thus, in agreement with earlier reports (35, 36, 40, 41) , we find that acid causes both the HA conformational change and membrane fusion at the same pH.
Membrane fusion is also observed at neutral pH on addition of either heat or urea. Strikingly, the onset of membranefusion activity induced by either heat (Fig. 6a) or urea (Fig. 7a) is concurrent with the appearance of the HA2 fragment corresponding to the extended coiled-coil core of the fusogenic conformation, as monitored with the protease assay ( Fig.  6b and Fig. 7b) . Thus, heat and urea induce a conformational change, at neutral pH, to the same fusogenic state as that induced by low pH. Viral Inactivation. In the absence of target membranes, acidic conditions irreversibly inactivate the membrane-fusion activity of HA (16, 35, 36, 42) . Electron micrographs of inactivated virus preparations depict virus aggregates with entangled HA molecules in which the fusion-peptide regions are thought to be inserted into viral membranes (6, 36, 43, 44) . Therefore, it is likely that viral inactivation results from insertion of the fusion peptide into the same or other viral membranes and͞or aggregation of virus. The rate of membrane fusion matches the rate of inactivation of HA in the absence of target membranes, and both rates are retarded at lower temperatures, leading to the conclusion (45) that the fusogenic state of HA can also lead to viral inactivation (Fig.  8) .
As expected, we find that the X-117 virus is inactivated after incubation at acidic pH, as evaluated with the fluorescence lipid-mixing assay (Fig. 5a) . At neutral pH, viral HA molecules are also inactivated by pretreatment at either high temperature (Fig. 6a) or moderate concentrations of urea (Fig. 7a) . Thus, the parallels between acid activation and neutral-pH activation by either heat or urea extend to the phenomenon of viral inactivation. Specifically, each condition that induces membrane-fusion activity also inactivates the virus in the absence of target membranes. Competition between inactivation and membrane fusion (Fig. 8 ) may be responsible for differences that we observe in the efficiency of fusion under suboptimal conditions. At conditions of pH or temperature that stimulate the conformational change to the fusogenic state for only a small fraction of HA molecules, membrane fusion is slow and incomplete (Figs. 5a and 6a) . Curiously, however, membrane fusion at suboptimal urea concentrations, although slow, is efficient (Fig. 7a) . This result could be explained if urea disfavored inactivation, for example, by retarding virus aggregation.
DISCUSSION
Inf luenza Fusion at Neutral pH. Enveloped viruses can be classified according to whether they fuse directly with the cell membrane at neutral pH or are first endocytosed and then fuse with the cellular membrane in response to acidic conditions. Our results indicate that influenza virus, which enters cells via the endocytic route, can fuse with target membranes at neutral pH. This confirms the observation made by Rugroik et al. that influenza can fuse at neutral pH and elevated temperatures (29) . These workers concluded that neutral pH fusion involves a distinct mechanism from that at low pH, perhaps explaining why there has not been significant follow-up of this early observation. In contrast, our results strongly suggest that there is a common mechanism of membrane-fusion activation, involving destabilization of the native, spring-loaded state of HA, that can be triggered by either acid pH, heat, or chemical denaturant at neutral pH. Importantly, models for influenza fusion that stipulate a low-pH requirement for membrane fusion are untenable with our results. We conclude that, in vivo, the mildly acidic environment of the endosome acts, in a general manner, to destabilize the native state of HA, unleashing the more-stable, fusogenic conformation.
Metastable Protein Folding. It is commonly accepted that most proteins fold to their thermodynamically most-stable state, as proposed in the Anfinsen hypothesis (46). Our results indicate that the native state of HA is folded, at neutral pH, into a conformation that is metastable. This conclusion is based on a rather rigorous criterion: destabilizing conditions at neutral pH, such as the addition of denaturant, induce a conformational change to a second, stably folded, unique state, which persists after removal of the destabilizing conditions.
The conclusion that HA is metastable is consistent with other observations. First, activation of HA to the fusogenic state is irreversible (16, 35, 36) . (Note, however, that although irreversibility is one of the criteria for metastability, the irreversibility of the HA conformational change could be a consequence of other properties of the protein, such as interaction of the fusion-peptide region with membranes). Second, recombinant models of the coiled-coil core of the fusogenic conformation of HA are exceedingly stable to thermal denaturation (47, 48) , with thermal-unfolding temperatures much higher than the transition temperature for fusion activation at neutral pH. Finally, for mutants of HA that have an altered pH of activation, there is a striking correlation between the increased pH of fusion and the decreased temperature of fusion at neutral pH (29) , consistent with metastable folding of HA. Moreover, these same mutations have very little effect on the thermal unfolding temperature of a recombinant model of the coiled-coil core of the fusogenic conformation of HA (C.M.C., M. A. Milhollen & P.S.K., unpublished results), indicating that the mutations selectively destabilize the native, metastable state, as opposed to stabilizing the fusogenic state.
The existence of a metastable state for HA raises an intriguing question: how does HA fold into a metastable conformation? The mechanism of in vivo protein folding and the three-dimensional structure of the HA precursor (HA0) are relevant to this question. Folding of HA0 in vivo involves chaperonins (49) (50) (51) , which may facilitate formation of a metastable HA0 trimer. Alternatively, the HA0 precursor polypeptide may fold into a thermodynamically most-stable conformation, with proteolytic cleavage yielding the metastable, native HA1͞HA2 complex. In this regard, it is noteworthy that HA0 must undergo maturation cleavage to become fusion-competent (22, 23) . After cleavage of the peptide bond, there is substantial structural rearrangement: the newly created amino terminus of HA2 and carboxyl terminus of HA1 in mature HA are Ϸ22 Å apart in the native structure (18). Thus, it is possible that HA0 cannot topologically access the fusogenic conformation until maturation cleavage separates HA1 from HA2, trapping HA in a metastable conformation. Whether HA0 folds directly into a metastable state, or whether maturation cleavage of a thermodynamically most-stable state of HA0 produces the metastable HA1͞HA2 state, remains to be determined.
Metastable protein folding has been suggested for a few other proteins, including ␣-lytic protease, subtilisin, luciferase, and the serpin family of protease inhibitors (52) (53) (54) . Metastable folding has also been detected in the disulfide-bonded intermediates that are populated in the oxidative folding of bovine pancreatic trypsin inhibitor (BPTI), by using the rigorous criterion that destabilizing conditions can induce a transition to a second, unique, more-stable state that persists after removal of the destabilizing conditions. Addition of heat, high concentrations of urea, or the enzyme protein disulfide isomerase to kinetically trapped BPTI intermediates increases the rate of folding to the final native protein (55-57). Implications. One can envision reasons why membranefusion proteins might have evolved to utilize metastability for membrane fusion. First, coupling the energetically expensive membrane-fusion reaction to an energetically favorable conformational change may help to drive the reaction toward complete membrane fusion. Second, the irreversibility of a conformational change to a state that is fusion-active in the presence, and fusion-inactivated in the absence, of a target membrane (Fig. 8) may prevent indiscriminate and toxic fusion events.
Regardless of whether the native state is metastable, it seems likely that membrane fusion proteins generally will prove capable of folding into two states with substantially different conformations. As in influenza HA and HIV gp120͞ gp41, many membrane-fusion proteins function by exposing a hydrophobic, glycine-rich stretch of Ϸ25 residues, termed the ''fusion-peptide'' region, which inserts into the target membrane (38, (58) (59) (60) (61) . In the native, dormant state of HA, the fusion-peptide region is buried in the hydrophobic core of the protein, presumably to avoid either fusion-inactivation or indiscriminate membrane-fusion activity. It is reasonable to expect that fusion-peptide regions of other proteins will also be buried in the native state. It is unlikely, however, that the conformation of the cores of these proteins will remain intact after removal of the fusion-peptide regions from a buried location. Native proteins generally are only marginally stable, and creating a void in the hydrophobic core of a protein is expected to have major destabilizing consequences (62, 63) . Accordingly, it seems likely that membrane-fusion proteins have evolved the capacity to adopt a second conformation, with a stable core that is packed in a completely different manner, as has been established for the case of influenza HA (18) (19) (20) .
For HA, fusion activation is accompanied by exposure of the fusion-peptide regions and concurrent formation of a new hydrophobic core at the base of an extended coiled-coil structure in the low pH-induced conformation (20) . A remarkably similar conformation is seen in the x-ray crystal structures of the cores of the fusogenic subunits from the murine leukemia virus (MLV) and from HIV (14, 64, 65) . Moreover, residues in the core of the MLV structure are conserved among many members of the retrovirus and filovirus families including Ebola (64) . For HIV, it is likely that the native gp120͞gp41 complex will be folded into a conformation that is substantially different from that present in the core gp41 structures (14, 65) . Peptides that make up the core of gp41 are themselves effective inhibitors of HIV infection and appear to work in a dominant-negative manner by binding to viral gp41 (66) (67) (68) , suggesting strongly that these regions are available transiently during the conformational change to the fusogenic state.
The native state of the HIV membrane-fusion protein complex, gp120͞gp41, may also be metastable, like that of HA. The core of the fusogenic conformation of gp41 is exceedingly stable to thermal denaturation (66) , with an apparent melting temperature of approximately 90°C. In contrast, the native HIV gp120͞gp41 complex is labile, as indicated by the ease with which gp120 dissociates in virus preparations (69, 70) . Binding of HIV to its cellular receptor (CD4) and coreceptors (e.g., CCR5 or CXCR4) is thought to destabilize the native state of the viral envelope protein, triggering a conformational change to a fusion-active state (refs. 71 and 72; see also ref. 73 ). Moreover, the core of the fusogenic conformation of the transmembrane (TM) subunit from the MLV retrovirus is very thermostable (64, 74) . Recent studies indicate that the native glycoprotein complex is less stable than the TM subunit core, strongly suggesting a metastable native fold (D. Fass & P.S.K., unpublished data).
An interesting phenomenon referred to as ''enhancement'' has been observed for HIV, in which agents that inactivate HIV at high concentrations, such as soluble CD4 (sCD4) or some neutralizing antibodies, increase infectivity at low concentrations, presumably by assisting or inducing membranefusion activity (75, 76) . The apparent conflict between neutralization and enhancement could be reconciled by analogy to current thinking about HA-mediated membrane fusion: virus that is prevented from binding to cell-surface receptors by high concentrations of neutralizing agents will be rapidly inactivated, whereas low concentrations of these agents might allow some cell-surface binding to occur and promote the conformational change by destabilizing a metastable native state.
Our results suggest that the envisioned differences in mechanism between viral fusion proteins that are activated at low and neutral pH may actually be nonexistent or less pronounced than previously thought. Viruses that normally fuse at neutral pH could use binding of the envelope protein by cellular receptors to destabilize a metastable, native envelope structure. Viruses that enter cells via an endocytic pathway could utilize acid as a general destabilizing agent to trigger the conformational change from a metastable state. Thus, metastability may be a common feature of viral membrane-fusion proteins, regardless of whether they promote membrane fusion at the cell surface or within acidic endosomal compartments.
Finally, however, we note that metastability per se does not appear to be absolutely required for viral membrane fusion. Activation of the membrane-fusion proteins of rhabdoviruses [e.g., Rabies virus, Vesicular Stomatitis virus (VSV)] involves a reversible, pH-dependent conformational change (77) (78) (79) . In particular, it has been shown that the glycoprotein (G) from VSV undergoes a pH-dependent conformational change to a fusogenic state that reverses back to the native, nonfusogenic state on reneutralization (79) . Thus, although metastability may prove to be a common theme among fusion proteins, evolution has provided alternative solutions to the problem of virus invasion.
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